Fagnani F, Giombini A, Di Cesare A, Pigozzi F, Di Salvo V: The effects of a whole-body vibration program on muscle performance and flexibility in female athletes. Am J Phys Med Rehabil 2006;85:956 -962. Objective: This randomized controlled study was designed to investigate the short-term effects of an 8-wk whole-body vibration protocol on muscle performance and flexibility in female competitive athletes.
Vi bration has been widely used as a tool for rehabilitation, enhancing physical performance and stimulating bone development. [1] [2] [3] [4] Although some studies involved the direct application of vibration, recent research has shown that wholebody vibration (WBV) intervention also may be an effective performance enhancing tool. Bosco et al. showed that a single vibration bout (10 mins in intervals at the frequency of 26 Hz) resulted in a significant temporary enhancement in muscle strength of lower extremities in female volleyball players. 4a They have also shown enhancement of the average power of arm flexor muscles after mechanical vibration and increase in the neural activity of biceps brachii muscle during vibration stimulus (5-min intervals at a frequency of 30 Hz) in national level boxers. 5 Runge et al. 6 in turn, showed that WBV could enhance muscle performance in elderly people (2-mo training program three times a week at the frequency of 27 Hz).
Despite the aforementioned preliminary positive findings and wide use of different vibration devices among athletes, reports on the effects of vibration training, especially in female athletes, remain poor. 1 Therefore, the purpose of this study was to investigate, with a randomized controlled design, the shortterm effects of a vertical WBV program on muscle performance and flexibility in a sample of female athletes practicing different sports athletes.
MATERIALS AND METHODS
Twenty-six young volunteer female athletes (ages 21-27 yrs) participated in the study. They were all competitive and practicing different sports (volleyball, n ϭ 6; basketball, n ϭ 6; track and field, n ϭ 10; gymnastics, n ϭ 4).
For each sports activity, half of the subjects were randomized to the vibration group and half to the control group so that the number of women would be equal in both groups. The vibration protocol consisted of an 8-wk WBV training, which will be discussed in detail herein. The evaluation tests were done at baseline (before randomization) and at the end of the training protocol after 8 wks. The exclusion criteria from the study were any cardiovascular, respiratory, abdominal, urinary, gynecological, neurological, musculoskeletal, or other chronic diseases; pregnancy; prosthesis; use of medications that could affect the musculoskeletal system; and regular participation in any exerciseinducing impact-type loading on the skeleton more than three times a week. Female competitive athletes with regular participation in any exerciseinducing impact-type loading on the skeleton not less than four times a week were included. All participants gave their informed written consent before enrolment.
Vibration Loading
The athletes in the vibration group were exposed to vertical sinusoidal mechanical WBV using the device called Nemes LCB-040. 2 The frequency of the vibrations used in this study was set at 35 Hz (displacement, Ϯ 4 mm; acceleration, 17 g). The subjects were exposed to vibrations three times a week for 8 wks using two different execution forms of exercises. Every training session was supervised (Fig. 1) .
Exercise one consisted of the subject standing upright with the knee angle preset at a 90-degree flexion, and the hands kept on the hips. Exercise two consisted of the subject standing upright in the erect position with one leg on the vibration platform, the knee flexed at 90 degrees and the other leg held in the air and hands on the hips. During all the vibration-training session, the subjects wore the same gymnastic shoes to avoid bruises and to standardize the damping of the vibration caused by the footwear. 
Performance Test
After 10 mins of warm-up, before vibration exposure, the subjects performed three trials of a counter-movement jump (CMJ). The flight time (tf) of each single jump was recorded on a resistive (capacitative) platform 7 that was connected to a digital timer (accuracy Ϯ 0.001 secs: Ergojump, Psion XP. MA.GI.CA., Rome, Italy). To avoid unmeasurable work, horizontal and lateral displacements were minimized, and the subject's hands were kept on her hips throughout the test. During CMJ, the angular displacement of the knee was standardized so that the subjects were required to bend their knee to approximately 90 degrees. The increase in the center of gravity above the ground (height in m) was measured from tf (s) by applying ballistic laws:
where g is the acceleration because of gravity (9.81 m · s Ϫ2 ). The best performance was used for statistical analysis. The reproducibility of the increase in the center of gravity during CMJ performances was high r ϭ 0.90. 
Isokinetic Leg Press
Fitnet Machine (Universal, Rochester, NY) is a closed-chain bilateral lower-extremity dynamometer that measures not only knee extensor and flexors but also hip and ankle extensor and flexors. The movement tested was concentric extension with both legs in a linear motion.
Subjects laid down horizontally on the machine with their hands gripping the handles. Their knees and ankles were at an angle of 90 degrees of flexion; Velcro straps secured the subjects' torsos to prevent any upper-extremity motion. After each extension, both legs were returned passively to the starting position from which the next contraction was immediately initiated.
Two different tests were used: 1) a "power test" with three repetitions at 40 cm/sec and 2) a resistance test with 12 repetitions at 80 cm/sec. After a brief standardized warm-up of exercising on the Fitnet against light resistance and stretching (5 mins), the subjects performed two trials for each test with 5 mins of rest between the trials. Verbal encouragement was provided to all subjects throughout all contractions. The best values for maximal peak torque (kg) and total work (joule) were recorded.
Flexibility Test
The sit-and-reach test was used. This test involves sitting on the floor with legs out straight ahead. Feet (shoes off) are placed flat against the box. Both knees are held flat against the floor by the tester. The athlete leans forward slowly as far as possible toward a graduated ruler held on the box from Ϫ25 to ϩ25, holding the greatest stretch for 2 sec. The tester has to be sure that there are no jerky movements on the part of the subject and that her fingertips remain at the level and the legs flat. The score is recorded as the distance before (negative) or beyond (positive) the toes. The test is repeated twice, and the best score is recorded. This test measures only the flexibility of the lower back and extensibility of hamstring muscles. The same investigator (VDS) conducted all these measurements. Both the athletes of the vibration and the control group continued regularly their sport specific training at their own club during the 8 wks of the study. In the WBV group, subjects rapidly became acquainted with the training program. There were no reports of adverse side effects.
Statistical Analysis
The changes in strength, counter movement jump, and flexibility in the vibration group (WBV) and control group were analyzed after 8 wks. Means and standard deviations were calculated for all subjects in each group for each parameter by a statistician who was unaware of treatment allocation and was given as descriptive statistics. To assess the absence of significant differences between the two groups, an unpaired t test was applied to individual anthropometrics measures (height and weight) and to baseline level of test data. A statistical analysis with a paired Student's t test was used to compare before and after treatment values of jumping height at the CMJ test, the maximal peak torque and total work at the isokinetic leg press, and the score in the flexibility test. A P Ͻ 0.05 was considered statistically significant. All analyses were executed using the statistical package SPSS version 12.0 (SPSS Institute, Chicago, IL).
RESULTS
Two athletes of the control group, one practicing basketball and the other practicing track and field, withdrew from the study because they experienced musculoskeletal injuries during their specific training and their baseline values were removed from statistical analysis and comparison. Twenty-four athletes (13 in the experimental group and 11 in the control group) completed the study properly (Table 1) .
There were no significant differences between the groups at : pretest values at the CMJ test (P ϭ 0.59, t ϭ 0.54); at isokinetic leg press ("power test") either for the peak force (P ϭ 0.78, t ϭ 0.28) or for the total work (P ϭ 0.35, t ϭ 0.95); at the isokinetic leg press (resistance test) the peak force (P ϭ 0.74, t ϭ 0.33) and total work (P ϭ 0.48, t ϭ 0.7); and at the score in the flexibility test (P ϭ 0.54, t ϭ Ϫ0.61). No significant differences were found in the basic anthropometric measures (weight P ϭ 0.18 and height P ϭ 0.25) between the two groups.
The analysis with a paired t test showed a significant difference between the two groups treatment measures. For the CMJ test, there was a statistically significant improvement in the vibration group (P ϭ 0.00,002, t ϭ Ϫ6.61), whereas there was no improvement in the control group (t ϭ Ϫ1.24, P ϭ 0.24). In the flexibility test, there was a significant difference between pre-and postvibration effect for the vibration group (t ϭ Ϫ6.1, P ϭ 0,00,004), whereas there was no improvement in the control group (t ϭ Ϫ1.3; P ϭ 0.2). In the isokinetic leg press ("power test") for both the values of peak force and total work a significant increase was found only in the vibration group. (Peak force t ϭ Ϫ2.12, P ϭ 0.038; Total work t ϭ Ϫ3.4, P ϭ 0.004); whereas no significant change was found in the control group (Peak force t ϭ Ϫ0.38, P ϭ 0.7; Total work t ϭ 0.8, P ϭ 0.43). The same is true in the isokinetic leg press (resistance test) for both values in the vibration group (Peak force t ϭ Ϫ3.8, P ϭ 0.0011; Total work t ϭ Ϫ3.83, P ϭ 0,0012); whereas no significant change was found in the control group (Peak force t ϭ Ϫ1.6; P ϭ 0.14; Total work t ϭ Ϫ1.5, P ϭ 0.16; Table 2 ).
DISCUSSION
The effects of vibration on the human body have been documented for many years. 8 -10 Recently, the use of vibration for improving the training regimes of athletes has been investigated. [12] [13] [14] Vibration has been used during strength-training movements such as elbow flexion, and vibration also has been applied to the entire body by having subjects stand on vibration platforms. 5 Exposure to WBV has also resulted in a significant improvement in power output in the postvibratory period and has been demonstrated to induce significant changes in the resting hormonal profiles of men. 15 Our randomized controlled study on a selected sample of competitive national female athletes practicing different sports showed that 2 mos of WBV-loading induced percentage increase in the mean of dynamic strength (11.2%), jump height (8.7%), and flexibility (13%). The improvement of the muscle performance after a short period of vibration training has been quoted 1 to be similar to what occurs after several weeks of heavy resistance training. 16, 17 Effects of resistance training on neuromuscular properties of skeletal muscle are well known, 18 and their knowledge may help to interpret and understand the aforementioned vibration findings. Voluntary strength performance is determined not only by intramuscular factors but also by the extent of neural activation because training-induced changes in the nervous system (neural adaptation) allow more complete activation of the prime movers of a specific movements and better coordination of the activation of the relevant muscles. 19 The first adaptation mechanism of a skeletal muscle to resistance training is neural. 20 Changes in the neural factors in response to training occur within a few months, whereas changes in the morphological structure of the muscle take longer time. Specific adaptation to training depends very much on the training program used. 18 In addition to pure maximal strength, explosive power is an important factor in several sport activities, and various stretch-shortening cycle exercises (e.g., jumping) have been used to improve this performance trait. 18 The explosive power training can enhance neuromuscular activation. There are several possible explanations for this enhancement, for instance, adaptation of certain reflex responses, increase in motor unit synchronization cocontraction of the synergist muscles, or increased inhibition of the antagonist muscles. 18 The WBV elicits a response called "tonic vibration reflex," including activation of muscle spindles, mediation of the neural signals by I a afferents 19 -23 and, finally, activation of muscle fibers via large ␣-motoneurons. The tonic vibration reflex is also able to cause an increase in recruitment of the motor units through activation of muscle spindles and polysynaptic pathways. 24 In this study, neurogenic enhancement for changes in the morphological structure of the muscles could not be assessed directly because the study protocol included neither electromyographic recordings nor muscle biopsies. However, on the basis of the aforementioned evidence, it is likely that the given WBV training elicited neural adaptation.
The stimulation of the sensory receptors and the afferent pathways with WBV could lead to a more efficient use of the stretch reflex in the countermovement jump. 19 The results of our study supported this hypothesis because the WBV group significantly improved (8.7%) in counter movement jump performance after 8 wks of training, whereas the control group did not 3.3%. This induced improvement in CMJ is comparable with the 8.5% increase in jump height of Torvinen et al. 14 Enhancement of athletes' flexibility as a result of vibration training has been shown in both shortterm and long-term studies. 25, 26 Nazarov and Zilinsky 25 found significant acute effect of shoulder joint stretching performed on vibrating gymnastic rings. The net duration of vibration stimuli was 4 mins per session. Fourteen gymnasts increased their range of motion, which remained on the improved level for 30 mins. A similar training over the course of 4 days induced more pronounced and statistically significant gains (n ϭ 39, P Ͻ 0.05). The explanation for the WBV flexibility effect involves neural circulatory and thermoregulatory factors. 26, 27 It is well known that the pain threshold serves as a natural barrier for a stretching exercise. WBV produces pronounced analgesic effects during and after vibration application to muscles. 28 Another possible mechanism is based on excitation of GTO, 2,26 which inhibit contraction, followed by muscle relaxation. This muscular relaxation is then exploited during WBV stretching.
It has been noted already that vibration applied to muscles markedly enhances blood circulation. Increased blood flow also evokes a thermal effect, which can be augmented by heat generation caused by the vibration of muscle fibers as well as to vasodilatation of cutaneous and deep blood vessels. 29 Heat-related facilitation of flexibility is well known and widely used.
The use of WBV as a tool for improving functional performance (e.g., flexibility, strength, power, balance) 30 -34 and health (improving bone density) 3, 4, 35 remains an exciting area for further study. However, the research within these areas is in its infancy. Much research is still needed on the optimal frequencies, amplitudes, g-forces and stimulation durations to improve each of these factors. Further knowledge as to how many sessions per day and/or per week as well as when to progressively overload vibratory stimulation is practically nonexistent. In addition, it is still unknown how best to determine when a high-level athlete is ready for an increase in frequency or amplitude and/or a change in posture; Biomechanical and/or biological markers need to be determined that assist in decision making as to the correct timing of the overload stimulus. With these concepts in mind, one should remain aware of the limits that exist in the interpretation of the current research findings and the need for further research. It is possible to hypothesize that the use of vibration is also beneficial during that phase in muscle injury when working on improved flexibility.
